Amplification of genomic sequences flanked by delta elements of retrotransposons TY1 and TY2 is a reliable method for characterization of Saccharomyces cerevisiae strains. The aim of this study is to evaluate the usefulness of microfluidic electrophoresis (Caliper LabChip s ) to assess the factors that affect interlaboratory reproducibility of interdelta sequence typing for S. cerevisiae strain delimitation. We carried out experiments in two laboratories, using varying combinations of Taq DNA polymerases and thermal cyclers. The reproducibility of the technique is evaluated using non-parametric statistical tests and we show that the source of Taq DNA polymerase and technical differences between laboratories have the highest impact on reproducibility, whereas thermal cyclers have little impact. We also show that the comparative analysis of interdelta patterns is more reliable when fragment sizes are compared than when absolute and relative DNA concentrations of each band are considered. Interdelta analysis based on a smaller fraction of bands with intermediate sizes between 100 and 1000 bp yields the highest reproducibility.
Introduction
Biotechnological processes conducted by Saccharomyces cerevisiae strains are gaining increasing importance. Tracking inoculated strains throughout productive processing is necessary for quality assurance in fermentative processes such as bioethanol production or wine fermentation. Besides, yeast has been identified as an emerging human pathogen capable of causing clinically relevant infections in immune compromised patients [1, 2] . Therefore, quick and accurate methods for yeast strains delimitation that rely on high-throughput genotyping methods based on microfluidics systems can be of interest in both industrial and clinical contexts.
Numerous molecular methods have been developed for yeast strain characterization, such as chromosome separation by pulsed field electrophoresis [3, 4] , restriction fragment length polymorphism analysis of mitochondrial DNA (mtDNA RFLP) [5] [6] [7] [8] , random amplified polymorphic DNA (RAPD) [9] , PCR fingerprinting followed by enzymatic restriction of amplified DNA [10] , multi locus sequence typing (MLST) [11] , microsatellite analysis [12] [13] [14] , real-time PCR [15, 16] and PCR-amplification of inter-delta sequences [17, 18] . Delta sequences are flanking sequences (300 bp) of retrotransposons TY1 and TY2 that are dispersed throughout the genome (particularly in terminal chromosomal regions), but can also be found as single elements. About 300 delta elements were described in the genome of the laboratory strain S288c. Since the number and location of delta elements have a certain intraspecific variability, they are appropriate genetic markers for the identification of polymorphisms. Amplification of interdelta regions between neighboring delta sequences results in a mixture of differently sized strain-specific fragments. This PCR-based method is easy to perform, cheap and rapid, and therefore suitable for the characterization of high number of strains.
More recently, the interdelta method was improved by the use of alternative primers (d12 and d21) [17] that bind close to the initially described binding sites for primers d1 and d2 [18] . The combined use of these improved primer combinations (d12/d21 or d12/d2) revealed greater banding pattern polymorphism and improved discriminatory power [13] . The use of primer pairs d12/d2 showed the same discriminatory power of other methods for strain delimitation, such as mtDNA RFLP, microsatellite analysis and karyotyping [19] . However, this method requires careful standardization of DNA concentration [20] . Occasional non-reproducible ''ghost bands'' are present due to the low annealing temperature (431C), which is a disadvantage of the interdelta method. Increasing the annealing temperature to 551C reduced ghost bands but leads to poorer banding pattern and consequently reduced discriminatory power [21] . In summary, PCR profiling analysis of delta sequences is associated with good discriminatory power for the analysis of commercial strains [22] , but the use of this typing method for routine analysis of yeast strains requires careful evaluation [21, [23] [24] [25] [26] . It is therefore advisable to use additional methods such as mtDNA RFLP or microsatellite analysis to confirm ambiguous results.
Fluorescent primers and automated DNA sequencers improve significantly banding patterns containing weakly amplified fragments [27] , decreasing experimental error and increasing data throughput, scoring and reliability [28] . When interdelta sequences are amplified with fluorescent primers, followed by capillary electrophoresis, the resolution of the obtained profiles is considerably increased in comparison with standard agarose gel electrophoresis [29] .
The efficiency of PCR amplification is affected by numerous factors, namely annealing temperature, the concentration of MgCl 2 , primers and template DNA. Even slight variations in these parameters may affect results compromising data comparisons and sharing between experiments and laboratories [30] . The optimal reaction conditions need to be optimized for each PCR application.
Microfluidics are gaining notoriety across broad research fields, e.g. forensics, clinical and genetic analysis [31] [32] [33] . Miniaturized reactions economize DNA samples, reagents and analytical time considerably, and increase sensitivity, throughput and automation possibilities [34, 35] . In the microfluidic chips for DNA analysis of the Caliper's LabChip s system, DNA samples are electroosmotically transported and fragmented inside the chip, separated by capillary electrophoresis and finally analyzed using fluorescence detection [36] .
Genome-wide studies of yeast inter-strain variability require bio-databanks for biodiversity conservation, sustainable development of genetic resources and equitable sharing of genotypic data among laboratories. We consider interdelta sequences amplification as a very useful method for high-throughput characterization of S. cerevisiae strains, which is easy to perform, cheap and rapid in comparison to other molecular methods. The aim of this study is to evaluate the impact of two different Taq polymerases on the interlaboratory reproducibility of interdelta sequence typing for yeast strain delimitation using microfluidics electrophoresis (Caliper's LabChip s ). Besides, we also evaluate the impact of different thermal cyclers on the patterns obtained. The study demonstrates that the reproducibility of the technique is most affected by the source of Taq DNA polymerase and technical differences between laboratories such as different operators. Interlaboratory reproducibility is highest when fragment sizes between 100 and 1000 bp are compared, rather than absolute and relative DNA concentrations of each band.
Materials and methods

Yeast strains and culture
S. cerevisiae strains used in this work were collected in the Vinho Verde wine region (northwest Portugal) during three consecutive vintages (2001) (2002) (2003) . From a collection of 300 isolates, the 12 strains with highest genetic heterogeneity, according to their allelic microsatellite combinations for loci ScAAT1-ScAAT6 [37] , were selected using neuronal networks [38] . Strains were named as follows: R8, R16, R20, R21, R30, R58, R60, R61, R62, R81, R88 and R101.
Interdelta sequences amplification and analysis
Yeast cells were cultivated (36 h, 281C, 160 rpm) in 1 mL of YPD medium (yeast extract 1% w/v, peptone 1% w/v, glucose 2% w/v) and the DNA isolation was performed as previously described [6] . Briefly, cells were suspended in a sorbitol-containing buffer in the presence of lyticase for cell wall degradation. Cells were then lysed by SDS addition, followed by DNA purification with sodium acetate and isopropanol to eliminate proteins, polysaccharides, RNA or other cell constituents. Subsequently, DNA was precipitated with ethanol, resuspended in TE and quantified (Nanodrop, Thermo Scientific). DNA amplification was performed recurring to primers d12 (5 0 -TCAACAATGGAATCCCAAC-3 0 ) and d2 (5 0 -GTGGATTTTTATTCCAAC-3 0 ) [17] . Thirty microliter of reaction mixture was prepared with 120 ng of DNA, Taq buffer (10 mM Tris-HCl, 50 mM KCl, 0.08% Nonidet P40), 50 pmoles of each primer, 0.4 mM of each dNTP, 3 mM MgCl 2 (MBI Fermentas) and 1.0 U of Taq DNA polymerase. After initial denaturation (951C for 2 min), the reaction mixture was cycled 35 times using the following settings: 951C for 30 s, 43.21C for 1 min, 721C for 1 min, followed by a final extension at 721C during 10 min. Characteristic PCR profiles of the 12 strains are shown in Fig. 1 .
An experimental strategy was devised to study the reproducibility of the interdelta sequence amplification as a typing method for yeast strains using 96 The tolerance of the sizing resolution for this system is 715% (from 25 to 100 bp), 710% (from 100 to 150 bp), 75% (from 150 to 700 bp) and 710% (from 700 to 1000 bp).
Statistical analysis of electrophoretic data
The size (bp) and concentration (ng of DNA) of each band was determined using the LabChip s HT software (version 2.6) and exported to the software SPSS 18.0 package for the composition of a matrix containing data for each band of the 32 replicates banding patterns from each strain. Each band was analyzed and compared in terms of fragment sizes (bp), absolute DNA concentration (ng/ml) and relative DNA concentrations (%) (absolute concentration value was divided by the sum of all concentration values of all bands contained in a replicate banding pattern). An exploratory data analysis was performed, where normality distribution (KolmogorovSmirnov and Shapiro-Wilk tests) and variance homogeneity (Levene's test) were tested using SPSS 18.0. After several unsuccessful transformations of the data, non-parametric tests were performed, such as ''Kruskal-Wallis one-way analysis of variance'' test, to check for the equality of treatment medians among the different groups. More precisely, the null hypothesis (H 0 ) assuming equality of all medians was tested against the alternative hypothesis (H 1 ), which assumes that at least two of the strains show differences in their medians, as outlined below:
where y i represents the median concentration (or percentage of concentration) for the ith strain, i 5 1,y,12.
In cases where the test produced statistical significant differences between strains, multiple pairwise comparisons were performed to trace the origin of such differences. The method proposed by Conover and Iman [39] searches for comparative magnitudes of the means based on the rank data and assumes the t-student distribution. The test is based on the following expression:
with t 1À(a/2) the (1Àa/2) quantile of a t-student distribution with (NÀk) degrees of freedom, k the number of groups, H c the value for the test statistic of the KruskalWallis test corrected for ties and S 2 the corresponding variance.
Results
Electrophoretic profile of the S. cerevisiae strains
Interdelta fragments of 12 genetically heterogeneous strains were amplified, using primers d12 and d2 and were analyzed using automated microfluidics electrophoresis (Caliper LabChip s 90 Electrophoresis System). To evaluate the inter-laboratorial reproducibility of the banding patterns and to determine which combination of Taq DNA polymerase and thermal cycler produced the most reproducible banding patterns between both laboratories, the experimental design included different combinations of the mentioned factors, as described in Section 2. Unique banding patterns were obtained for each strain (Fig. 1) . The most common band was present in 9 out of the 12 strains and had a size of approximately 400 bp. Quantitative and qualitative analysis of each band was performed using the software package of the electrophoresis system, using the values of the co-injected internal markers (gel bands at 15 and 7000 bp) as a reference. The analysis presented herein is based on the length of the amplified fragments (bp), and the absolute and relative (%) values of DNA concentration (ng/mL) of each band, as outlined in Section 2. Figure 2 shows an example of 32 replicate banding patterns of a representative strain tested under the conditions indicated in the first paragraph of Section 2. Fragment sizes showed high reproducibility between replicates of the same condition and between conditions. Considerable differences were observed when, for each experimental condition, DNA concentrations were compared. The most intense banding patterns were obtained in laboratory 1, using in-house cloned and produced Taq and the Eppendorff thermal cycler (condition C), followed by condition B and A. The in-house produced Taq polymerase (C) amplified PCR products more efficiently than commercial Taq (B). This agrees with the slightly stronger banding patterns of condition E compared to condition D in laboratory 2. These trends were similar for the other 11 strains (data not shown). One of eight replicates of condition A (corresponding to the 8th lane of Fig. 2 ) failed amplification for most strains due to lateral evaporation of the PCR reaction mixture during cycling in the 96-well plates. These replicates were excluded from further analysis.
Reproducibility of PCR-based interdelta typing
Our main goal in this study was to identify statistically significant differences between the banding patterns of yeast strains, generated under conditions A-E (see above), to enhance reproducibility of interdelta sequence analysis between laboratories. In the first step of the statistical analysis, the data were verified for normality between the 12 strains and the corresponding homogeneity of variances. Kolmogorov-Smirnov and Shapiro-Wilk tests were used to investigate the normality assumption. The results (data not shown) revealed that our data did not follow a normal distribution since all p-values were approximately zero (o0.001) and, therefore, smaller than any of the usual levels of significance considered (1, 5 and 10%). Homogeneity of variances between strains was tested using Levene's test. This condition was also not satisfied by the data (data not shown), as p-values were approximately zero (o0.001) for both variables in the study. In an attempt to satisfy both normality and homogeneity of variances, data were transformed using logarithm of base 2 and inverse values of absolute or relative concentrations. New variables were created in SPSS, both for absolute and relative values. Once again, the normality and homogeneity of variance assumptions were rejected (data not shown), which lead us to use non-parametric tests.
The Kruskal-Wallis one-way analysis of variance was used to test equality of medians among the groups of strains corresponding to each of the previously mentioned condition (A-E), using the formula (1) shown in Section 2. The median was the measure of centrality for this test. It was expected that, in case of reproducibility, all strains should have similar results, meaning that the values of concentration (absolute or relative) and of fragment sizes (bp) should not differ in terms of the median values. However, the Kruskal-Wallis test rejected the equality of medians between groups because once again the p-values were approximately 0 (o0.001). The following approach consisted in searching for differences in terms of the median values of fragment sizes (bp) and concentration values (absolute and relative) between strains. This approach was repeated for the distinct experimental conditions used (A-E) in order to search for the factors that most affect the reproducibility of the technique among the conditions A-E. Based on the results from the Kruskal-Wallis one-way analysis of variance, we assumed that at least two strains showed a difference in the medians. To identify the strains that lead to the rejection of the equality of the medians, Multiple Pairwise Comparisons, pooling the data for all 32 replicates per strain, were performed. All 3892 values (the total number of observations regarding all experiments, i.e. all bands of the 32 replicates of the 12 strains) were ordered by increasing numbers and a rank score was calculated for identical values of absolute and relative concentrations. Then, the formula (2) shown in Section 2 was applied for pairwise strain comparisons, based on a t-student distribution to search for the origins of the differences between experimental conditions. The results of this test are summarized in Table 1 , for each pair compared, for each strain and using the fragment size (bp), as well as absolute and relative DNA concentration values. Statistical significant differences were observed when comparing all 3892 records against each other, being the significant ones (based on a t-student significance test) represented with gray squares in Table 1 . In the bottom part of this table (last three lines), overall percentages are represented considering the differences between strains and between conditions, both for fragment size base pairs and absolute and relative DNA concentrations values. The interlaboratory banding patterns reproducibility was rather low as observed by the distribution of gray squares in the corresponding main columns. Significant differences were found between strains analyzed in the two laboratories. The lack of reproducibility of these experiments between laboratories was not visible when analyzing the intervals of overall percentages. One could see that these intervals were very comprehensive (including 0 and 100%) and that this analysis was inconclusive for these comparisons. The reasons for this could be due to strain-specific effects and also to the extreme values included in the statistical. For example, strain R101 was associated with 0% of statistically significant differences regarding absolute DNA concentration, while for strain R88, regarding fragment size 100% of significant differences were obtained. The cloned and inhouse produced Taq increased reproducibility between laboratories relative to commercial Taq. The comparison between Taq polymerases produced data heterogeneity between laboratories. Low and high reproducibility was found between enzymes for laboratory 1 and 2, respectively (columns 3 and 4). This was shown by the higher number of gray squares in column 3 in comparison to column 4, and also by the intervals of overall percentages of significant 
Comparison of different experimental conditions for strains delimitation
To identify the experimental condition that best differentiate the 12 yeast strains, statistical analysis of the differences between group medians for each experimental condition was performed. For each experimental condition (from A to E), the percentage of significant differences between the strains was calculated (excluding the comparisons between the same strain for each experimental condition). Figure 3 shows that combination C (in-house cloned Taq, Eppendorff thermal cycler, laboratory 2) lead to the highest percentages regarding size, absolute and relative DNA concentration values. This suggests that this is the most suitable combination of experimental conditions for strain delimitation using interdelta banding patterns. Regarding fragment size and relative DNA concentration, these percentages were almost 100, meaning that the 12 electrophoretic patterns would correspond to 12 different strains. On the contrary, combinations A (Commercial Taq, BioRad thermal cycler, laboratory 2), D (Commercial Taq, BioRad thermal cycler, laboratory 1) and E (in-house Taq, BioRad thermal cycler, laboratory 1) were less capable of differentiating strains with only 28.79, 51.52 and 40.91% of correctly delimited strains regarding fragment sizes, respectively. Similar results were observed when comparisons were performed based on absolute and relative DNA concentrations. In general terms, the use of in-house cloned Taq polymerase led to better results than the use of commercial Taq polymerase, as can be observed when comparing combination A and D (commercial Taq) with combinations B, C and E (in-house Taq). Regarding the laboratories where the PCR reactions were carried out, the strain patterns in laboratory 2 were better separated than those obtained in laboratory 1 (combinations A, B and C versus combinations D and E).
The best results regarding strains differentiation were obtained when using relative DNA concentration values (100% with combinations B and C); however, the latter produced biased results. This is explained by the fact that, to calculate the relative DNA concentration values, the absolute values were divided by the sum of all concentration values of all bands contained in a banding pattern. In replicate analysis of different experimental conditions, distinct numbers of fragments were obtained affecting the ratios of relative concentration, leading to overestimated strain delimitation. Due to this, we consider that the percentages obtained for the analysis of absolute DNA concentrations are more realistic to delimitate strains than relative DNA concentration value. Fragment length analysis is the preferable measure for typing of yeast strains using interdelta fragments amplification, even though the reproducibility associated was smaller compared to absolute values of concentration (Table 1) , but producing more consistent results without introducing biases in the reproducibility of the technique.
Determination of identical banding patterns for each strain in all conditions
To gain further insight into the reproducibility of the interdelta sequence typing method, we tried to identify for each strain the bands that were amplified across the A-E experimental conditions. Strain R60, which showed a very different banding pattern was excluded from this analysis. As shown in Table 1 , three to seven bands in the range of 100-900 bp were apparent in all 32 replicates of each strain. The respective standard deviations were rather low, ranging from 1.3 to 15.6 bp. Additional bands were mostly found for fragment sizes between 1000 and 1500 bp or below 100 bp and were not represented because of lack of reproducibility. Some intermediate fragments were also not included in Table 2 because they were represented only in some experimental conditions. Reproducibility would approximate to 100%, if only the bands included in Table 2 would be used for comparison of fragment sizes.
Discussion
The improved interdelta method [17] is suitable for the typing of yeast strains [19] . This method is simple, rapid and less expensive than others, such as sequencing and microsatellite amplification. Although less rigorous than other techniques as multi locus sequence typing or microsatellite amplification, the PCR-based interdelta method is suitable for high-throughput analysis of large strain collections using microfluidic electrophoresis. The amplification of interdelta regions results in a mixture of differently sized specific fragments. As previously shown by BLAST analysis [17] , the sequences of fragments obtained by amplification with primers d12 and d21 matched the predicted interdelta regions. We have designed an interlaboratory approach to evaluate the performance and the reproducibility of this method as a high-throughput typing approach for the genetic characterization of yeast strains.
The comparative approaches that we describe herein can contribute to the constitution of bio-databanks for equitable sharing of genotypic data among laboratories in the context of biodiversity conservation and sustainable development of genetic resources. However, it is crucial to find a set of parameters leading to most reproducible patterns between laboratories.
As outlined in Section 2, interdelta sequences of 12 strains were amplified, under varying conditions (Taq DNA polymerase, thermal cycler and laboratory). Interdelta sequence typing showed the reproducibility necessary for implementation as a typing method for multiple (4 or 8) replicates of one strain, under identical experimental conditions. The use of the microfluidic LabChip s system greatly contributed to achieve very precise data with a high resolution, as reported in previous works [28, 29] .
In general, DNA amplification depends on numerous factors such as the method of DNA isolation, the concentrations of DNA, primers, MgCl 2 , dNTPs, the Taq polymerase and the annealing temperature. In the present work, only one DNA extraction was performed for each strain, and the same DNA was used by both laboratories, being therefore no variable in our experiments. Our (unpublished) results showed that the DNA extraction protocol used is the most appropriate and leads to much better results than an extraction method using phenol. DNA quantification was performed in the Nanodrop TM system, which allowed unambiguous evaluation of the DNA quality. In recent publications [17, 19, 23, 26, 29, 40] , DNA concentration values were in the range of 0.1-2.5 ng/mL (final concentration). showed that the optimal DNA quantities ranged from 0.6 to 2.5 ng/mL (final concentration). The highest number of bands was amplified using the concentration of 2.5 ng/mL, which is similar to the concentration used throughout this work (4 ng/mL). In the publications mentioned above, optimal MgCl 2 concentrations ranged from 1.5 to 3.0 mM, whereas the primer and dNTP concentrations were in the range of 1 to 1.67 mM and 200 to 400 mM, respectively. In our (unpublished) optimization approaches, we found that more fragments were amplified when using 3.0 mM MgCl 2 , 400 mM dNTPs and 1.67 mM of each primer. We suppose that these higher concentrations of primers and dNTPs are necessary to amplify a group of fragments, contrarily to a PCR reaction where just one single band is amplified. The main objective of the present work was to show the extent of variation due to factors such as the DNA polymerase or the thermal cycler. A commercial Taq DNA polymerase and an in-house cloned and produced Taq were used, and different amplification patterns were found. In our (unpublished) optimization approaches, several commercial Taq enzymes were tested, whereas the Taq polymerase used in this study revealed to be most suitable for interdelta amplification. The choice of the polymerase is therefore important before setting up PCR reactions. Several factors can contribute to the differences found between the commercial and the in-house cloned Taq, such as the preparation method (residual salt content), and/or an inaccurately measured enzymatic activity of the in-house Taq. Besides, this Taq might be less purified and contain residual cellular compounds that could contribute to better performance. All references regarding interdelta amplification report a quite low annealing temperature (predominantly 43-461C) [17-20, 22, 26, 29, 41] . Higher temperatures (551C) lead to a more stable fragment profile, but reduce significantly the number of bands that are amplified [21] . Our previous (unpublished) data revealed that 43.21C was the best temperature to achieve both a high number of amplified bands and increased reproducibility of the electrophoretic profiles.
Although the DNA samples used for interdelta fragments amplification were the same for both laboratories, the accomplishment of experiments in different laboratories, the use of different Taq DNA polymerases and thermal cyclers reduced reproducibility. In fact, the same isolate could be considered as a different strain if typed in different laboratories, due to the experimental variation associated with the conditions A-E. The highest variability was associated with the source of Taq DNA polymerase and to laboratory-specific technical details, whereas the effect of the thermal cycler was low. Both laboratories used the same aliquot of Taq polymerase. If different batches from the same supplier were used in both laboratories, it is possible that the reproducibility would be even more affected. Despite the mentioned limitations, PCR amplification of interdelta sequences is most indicated for the typing of large strain collections, and a high reproducibility is achieved for replicates within the same experimental conditions. When considering interlaboratory experiments, a careful standardization of all the factors that can interfere with the PCR reaction is mandatory to eliminate variability caused by the source of Taq DNA polymerase and minor experimental differences between laboratories. This study also demonstrates that, for reliable data sharing between laboratories, comparative interdelta sequence analysis should be based on a reduced number of bands that lead to reproducible banding pattern profiles. 
